During the past decade, the development of protein arrays with micrometer features has attracted great attention because of their potential applications in life science and biomedical diagnostics.^[@ref1],[@ref2]^ This technology could provide high-throughput screening of protein functions and biomolecular interactions requiring low amounts of analytes and short processing times.^[@ref3]^ Further miniaturization of protein and small organic molecule arrays in the nanometer regime could also improve detection sensitivity and provide important tools for investigating specific biomolecular reactions that are not afforded by micrometer-scale structures.^[@ref4]^ Arrays of proteins with micrometer and/or submicrometer features have been fabricated by using patterning techniques such as microcontact printing,^[@ref4],[@ref5]^ scanning near-field optical,^[@ref6]^ dip-pen,^[@ref7]^ photo-, and ion beam lithography,^[@ref8]−[@ref10]^ atomic force microscopy (AFM),^[@ref11]^ and electrochemical-based approaches.^[@ref12]^ However, only a handful of examples of multiple soluble protein nanoarrays has been reported,^[@ref1]^ and, to date, none of the techniques mentioned above have been used to nanopattern multiple purified membrane proteins (MPs).^[@ref13]^ Although MPs represent more than 60% of the drug targets and there is a strong interest in the production of MP micro- and nanoarrays for both basic and applied research, their complex nature, insolubility in aqueous solutions, and instability in the presence of detergents strongly complicate the fabrication of MP biochips.^[@ref14]−[@ref17]^ In particular, techniques involving drying steps and/or harsh conditions such as high temperatures and mechanical shear may denature MPs.^[@ref14]^ MP stability often depends on the presence of its naturally associated lipid molecules, which is difficult to ensure in the presence of detergents. This requirement sets further constraints in the use of the solvents that are normally used to prevent evaporation and keep the protein hydrated in scanning probe lithography techniques.^[@ref18]^

Synthetic polymers named "amphipols" (APols) offer a solution to some of the challenges mentioned above. Thanks to the numerous lateral hydrophobic side groups, these short soluble polymers associate with the transmembrane surface of MPs,^[@ref19]^ rendering them soluble in aqueous solutions in the absence of detergent while stabilizing them in native-like functional states.^[@ref20]^ APol-trapped MPs have been investigated by a variety of methods.^[@ref19],[@ref20]^ Because the association between MPs and APols is quasi-irreversible in the absence of other surfactants,^[@ref21],[@ref22]^ various functionalities can be added to the MPs by linking affinity, fluorescent, or radioactive tags to the APols without either chemical or genetic modification of the protein.^[@ref22],[@ref23]^ Thus, trapping a MP in a biotin-labeled APol (BAPol) makes it possible to tether it to streptavidin (SA)-modified surfaces and to study its interactions with other biomolecules.^[@ref23]^ As demonstrated by Charvolin *etal*.,^[@ref23]^ BApols create an environment that gives stability and allows flexibility to the MPs while preventing their direct exposure to the solid substrate. Because APols are freely miscible^[@ref22]^ and several APol molecules associate with each individual MP,^[@ref20]^ it is straightforward to endow MP/APol complexes with multiple functions; several functional groups can be added to a MP in a defined stoichiometry by the simple method of trapping it in a mixture of appropriately functionalized APols. As an example, BAPols and fluorescently labeled APols (FAPols) can be used in combination to trap a MP while conferring it both an affinity and a fluorescent tag.

However, a suitable tool that mimics the native phospholipid membrane is not the only challenge that needs to be addressed in the production of MP nanoarrays. Here, we report a novel strategy to fabricate micro- and nanoarrays carrying multiple MPs, based on the combined use of BAPols and of the selective functionalization of gold electrodes by electropolymerization of a biotin-doped polypyrrole (PPy-biotin) film. The electrosynthesis of conducting polymers is an established method that allows the controlled and reproducible functionalization of electrodes at the micro- and nanoscale.^[@ref24]^ Pyrrole functionalized with different biotin groups has been synthesized^[@ref24]−[@ref28]^ and polymeric films have been prepared and used as a support for the immobilization of biotin groups to electrode surfaces.^[@ref24],[@ref25],[@ref29]^ After incubation with avidin, biotin-tagged biomolecules can be anchored to the remaining free sites of avidin to construct biosensors.^[@ref24]^ However, as biotin is negatively charged under the conditions used for polymerization of PPy, it can also be incorporated in the polymeric film when used as a doping anion. This approach is particularly appealing, as it does not require any chemical synthesis and, as shown by George *etal*.,^[@ref30]^ can be used as a platform to release biotin and attached drugs to cells. Here, we extend this method by demonstrating a straightforward approach for (membrane) proteins multiplexing on electrically contacted gold micro- and nanosurfaces. As schematically illustrated in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, the key to our method is the selective electropolymerization of conducting surfaces with a PPy film containing biotin sites, followed by the immobilization of (strept-)avidin. Subsequently, we take advantage of the strong interaction between (strept-)avidin and biotin^[@ref31]−[@ref33]^ to immobilize MPs onto selected structures with the protein forming a connecting bridge between the PPy-biotin film and the BAPol in which the MP is trapped. The platform is then decorated with two different MPs that retain their bioactivity on the surface, as evidenced by the binding of MP-specific antibodies. Finally, the versatility and the potentials of the approach are demonstrated by screening the interaction of BAPol-trapped MPs with various types of surfaces.

![Schematic representation of the immobilization procedure. (A) Differential interference contrast image of the array of electrodes used in the experiments. Scale bar is 50 μm. The array consists of 24 electrically contacted gold surfaces deposited on top of an insulating SiO~2~ layer on a silicon substrate (as an example only two electrodes are drawn in B--G). (C) The array is immersed into a solution of 0.1 M pyrrole, 1 mM biotin, and 10 mM NaCl, and an oxidizing potential is applied to only one of the electrodes. (D) After functionalization of the surface with a PPy-biotin film, the entire array is incubated into a solution of SA. (E) The array is extensively washed with 10 mM potassium phosphate buffer pH 7.2 (PPB), before being incubated with a solution containing the first target MP (here bacteriorhodopsin shown in purple) trapped in BAPol/FAPol. (F) A second electrode is activated with the same electropolymerization procedure as in (C) and, after incubation of the array with SA, (G) a second MP can be immobilized on the electrode (tOmpA shown in orange). Biotin-binding molecules are colored in gray and biotin in red; the mesh of black curved lines represents the PPy film. The two MPs are shown trapped in APols (gray) with fluorophores represented as red and green stars.](nn-2013-06252h_0002){#fig1}

Results and Discussion {#sec2}
======================

Immobilization of Streptavidin Proteins on PPY-Biotin Film {#sec2.1}
----------------------------------------------------------

To demonstrate the feasibility of our immobilization strategy, we used an array of 24 gold electrodes 5 μm wide and spaced by 5--10 μm ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). We initially electrogenerated a PPy film doped with biotin on a gold surface. Subsequently, the entire chip was incubated with a solution of SA-Alexa Fluor 647 (SA-647). The presence of the fluorescent tag on SA enabled direct visualization of the protein binding to the electrodes by epifluorescence microscopy. The effect of doping the PPy film with biotin on protein binding can be evaluated by comparing the fluorescence intensity of three gold electrodes that were either (i) unmodified or functionalized with either (ii) a PPy-biotin film or (iii) a PPy film ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A and [Supporting Figure 1](#notes-1){ref-type="notes"}). The image clearly demonstrates that SA binds only to the electrode functionalized with PPy-biotin. The fluorescence signal is homogeneously distributed (standard deviation of the mean = 0.07), and the normalized fluorescence intensity is at least 4× and 7× higher than that of the electrode functionalized only with PPy and of the bare gold electrode, respectively. Moreover the background fluorescence signal measured on the SiO~2~ surface is \<3% of the specific signal, indicating that the washing procedure is effective and that SA does not bind to unmodified SiO~2~. To confirm that SA interacts specifically with the biotinylated film, fluorescently labeled SA was incubated with an excess of biotin prior to being applied to the PPy-biotin-modified electrodes. Under these conditions, the fluorescence intensity of the electrodes ([Supporting Figure 2](#notes-1){ref-type="notes"}) is approximately the same as that measured on the electrode functionalized only with PPy, indicating that free biotin-binding sites are necessary for SA to bind to the PPy-biotin film and confirming the low level of nonspecific adsorption. The affinity of SA for the PPy-biotin film was evaluated by measuring the fluorescence intensity of the functionalized electrode after incubation with a range of concentrations of SA. For a given concentration of SA, the electrodes display a homogeneous fluorescence signal, confirming the quality and reproducibility of the immobilization strategy ([Supporting Figure 3A](#notes-1){ref-type="notes"}). The signal intensity increases monotonically with increasing concentrations of SA, saturating at 1 μM ([Supporting Figure 3B](#notes-1){ref-type="notes"}). Fitting the data to Hill's equation yields a *K*~D~ of 88 ± 12 nM, in good agreement with previously reported values for SA binding to biotin-modified surfaces.^[@ref32]^

![Immobilization of SA on PPy-biotin films. (A) Fluorescence image and line profile of electrodes modified with PPy-biotin (1) and PPy films (3) after incubation with SA-647. Electrode 2 is bare gold. (B) Four electrodes functionalized with PPy-biotin films polymerized in the presence of variable concentrations of biotin (from left to right 0 mM, 0.01 mM, 0.1 mM, 1.0 mM). Each polymerization was followed by washing in PPB. After polymerization of all the electrodes, the chip was immersed for 30 min in a 1 μM SA-647 solution and washed with PPB + 0.001% Tween 20 (PPB-T20). Scale bar is 5 μm. (inset of B) The fluorescence signal intensity is plotted against the biotin concentration (squares are raw data and the dotted line is a guide to the eye).](nn-2013-06252h_0003){#fig2}

The surface density of the proteins immobilized on the electrodes can be easily tuned by varying the concentration of biotin in the starting solution of pyrrole and doping ion ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B) or the charge deposited during electropolymerization ([Supporting Figure 4](#notes-1){ref-type="notes"}). For example, by setting the biotin-doping levels between 0.01 and 1.0 mM, the density of anchoring SA can be modulated by a factor of ∼2.5 (as evaluated by fluorescence intensity; [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B, inset). The final charge deposited during polymerization can also be used to tune the number of biotin moieties present at the surface of the PPy film, with a charge of 100 mC/cm^2^ showing the highest level of protein adsorption ([Supporting Figure 4](#notes-1){ref-type="notes"}). Controlling the protein surface density is easier compared to other methods such as dip-pen nanolithography (DPN), where several parameters such as protein ink fluidity, tip--substrate contact time, and humidity need to be finely tuned to regulate the concentration of the deposited proteins.^[@ref34]^

An important feature of our methodology is the ease with which biotin is incorporated into the PPy film. To demonstrate the stability of the doping, an electrode was functionalized with a PPy-biotin film and stored in buffer for 14 days at 4 °C. After incubation with SA-647, the surface showed binding properties similar to those of a freshly prepared electrode (as evaluated from the fluorescence intensity of the electrode), indicating that the biotin is strongly bound to the PPy film and it is not released in solution. Therefore, the PPy-biotin-based technique provides a method for specific, homogeneous, reproducible, easy-to-tune, and controlled functionalization of electrically contacted surfaces for stable immobilization of proteins *via* SA/biotin interaction.

Multiplexed Functionalization of Gold Surfaces with Soluble Proteins {#sec2.2}
--------------------------------------------------------------------

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows how the sequential functionalization of gold electrodes with PPy-biotin films can be used to selectively deposit three biotin-binding proteins with three different fluorescent labels onto the same chip. The electrodes were first incubated in a monomeric solution of pyrrole and biotin, and a PPy-biotin film was deposited on electrode 1 by applying a positive voltage, while the other electrodes were held at open circuit voltage (OCV). After rinsing with phosphate buffer, all electrodes were incubated in a solution of SA-Alexa Fluor 555, resulting in deposition of protein only on electrode 1 ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A). All electrodes were then rinsed and immersed in the monomeric pyrrole and biotin solution, and a potential was applied to electrode 2, resulting in a PPy-biotin film deposited only on this electrode. All electrodes were then washed, and the array was incubated with a solution of a different fluorescently labeled protein, neutravidin-Oregon Green. Only the electrode that had been freshly functionalized with a PPy-biotin film displayed distinct fluorescence intensity at the corresponding wavelength ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B), and no interaction with the previously functionalized electrode was observed. Functionalization of the second electrode on the same chip did not affect the surface previously biofunctionalized, as observed at the Alexa 555 wavelength. Subsequently, all electrodes were washed, a PPy-biotin film was electropolymerized on electrode 3, and all electrodes were incubated with an avidin-Alexa Fluor 633 solution ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C). Electrode 4 was kept at OCV throughout the experiment. In each of the three cycles, the whole chip was exposed to the pyrrole solution and to the proteins without the need of any specialized fluidic system and/or physical barrier. The surface functionalization is exclusively controlled by the ability to selectively modify one particular electrode at a time by electrochemistry. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C also demonstrates that labeled proteins adsorbed specifically only to the newly prepared PPy-biotin film. It was thus possible to saturate all active biotin sites on the functionalized electrodes, ensuring minimal cross-functionalization between electrically insulated surfaces. Finally, three fluorescence images were collected using appropriate excitation and emission filters and merged into a single image ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}D). The merged image shows that this strategy can be used to selectively immobilize multiple proteins on adjacent electrodes. As proteins are not released from the electrodes during the different functionalization steps, the method presented here could be used to construct protein arrays containing very large protein libraries, where the only constraint is the number of electrodes.

![Sequential functionalization of gold electrodes with a PPy-biotin film allows for spatially and temporally controlled specific binding of several proteins with different fluorescent labels. (A) Electrode 1 was modified with a biotinylated PPy film. After exposing all the electrodes to SA-Alexa Fluor 555, only the functionalized surface showed a distinct fluorescence signal, while the rest of the chip remained dark. (B) Electrode 2 was functionalized with a PPy-biotin film, and the chip was incubated with another fluorescently labeled protein solution, neutravidin-Oregon Green. Only the second electrode displayed green fluorescence intensity. (C) A PPy-biotin film was electrogenerated on electrode 3, and the array was immersed in a solution of Alexa Fluor 633-labeled avidin. This resulted in a fluorescence signal recorded in the appropriate channel only on electrode 3. Electrode 4 was not functionalized at any time. (D) Merge of the three images obtained at the excitation and emission wavelengths specific for the three fluorophores after functionalization of the three electrodes. Scale bar is 5 μm.](nn-2013-06252h_0004){#fig3}

Selective Functionalization of Surfaces with Membrane Proteins {#sec2.3}
--------------------------------------------------------------

As the protein immobilization method described above does not involve the use of harsh solvents and/or surface drying steps and relies on self-assembly of proteins, it limits risks of protein denaturation and seems particularly well suited to the production of MP arrays. Once the PPy-biotin film is functionalized with biotin-binding proteins (*e*.*g*., (strept-)avidin), we can take advantage of the multiple binding sites of these molecules and further decorate the electrode surface. For our initial studies of MP immobilization, we took advantage of BAPols to immobilize MPs onto surfaces *via* biotin tags without altering their functions, as shown in a previous study in the case of bacteriorhodopsin (BR) and the nicotinic acetylcholine receptor.^[@ref23],[@ref35]^ BR, a light-driven proton pump, was first trapped in a 1:1 mixture of BAPol and APol labeled with an Alexa Fluor 647 tag (FAPol~A647~)^[@ref20],[@ref23]^ and then bound *via* the biotin tag to an electrode functionalized with a PPy-biotin film and SA. This approach is demonstrated in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A; the high and homogeneous fluorescence signal measured on the functionalized electrode confirms also that SA is still active after immobilization and can undergo a modular reaction with other biotin-tagged biomolecules such as proteins, oligonucleotides, and vesicles. These experiments demonstrate also how the miscibility of APols can be exploited for the creation of interesting complexes possessing both affinity and fluorescent tags.

![MPs anchoring to a PPy-biotin surface functionalized with SA. (A) Electrode 1 was modified with PPy-biotin; then the chip was incubated with 1 μM SA, washed with PPB-T20, and incubated with 1 μM BR trapped in BAPol/FAPol~A647~ dissolved in PBS buffer + 200 mM NaCl. After washing with PPB-T20 the electrodes were imaged. (B) Electrode 2 was modified with PPy-biotin; then the chip was incubated with 1 μM SA, washed with PPB-T20, and incubated with 1 μM BR trapped in APol/FAPol~A647~ dissolved in PBS buffer + 200 mM NaCl. Electrode 3 was not modified at any time. (C) The chip was incubated for 1 h with 5 nM anti-BR tagged with Alexa-488 dye, washed with PPB-T20 for 30 min, and imaged. Scale bar is 5 μm.](nn-2013-06252h_0005){#fig4}

SA was also bound to a second PPy-biotin film, and the chip was then incubated with BR trapped in a mixture of unlabeled APol and FAPol~A647~ lacking the biotin moiety ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). The fluorescence signal was at least 3 times higher with BAPols than with untagged APols. The strong difference in fluorescence intensity between the two electrodes indicates that the availability of biotin tags is fundamental for the attachment of BR onto the electrodes and that there is minimal nonspecific adsorption of APol-trapped BR to the SA surface. The specificity of the interaction is also supported by the fact that BR trapped in a BApol/FAPol~A647~ mixture can be immobilized neither onto bare gold electrodes nor onto PPy-biotin-coated surfaces. Previous studies have demonstrated the stability and functionality of BR after BAPol-mediated immobilization onto SA surfaces.^[@ref23]^ Our images reveal that there is no significant decrease in fluorescence signal for the BR-functionalized electrode upon incubation with the pyrrole--biotin mixture or the SA solution, indicative of the stability of the immobilization.

In order to confirm the presence and the biological binding activity of BR in the array, we incubated the chip with a primary antibody raised against BR (anti-BR) labeled with an Alexa-488 dye ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C). Only the electrode corresponding to immobilized BR showed a strong fluorescence signal. A low level of fluorescence was observed on the electrode functionalized only with PPy-biotin and SA, indicative of some nonspecific adsorption of the antibody. These results not only confirm the presence of BR in the array but also indicate that the MP retains its ability to recognize specific ligands after immobilization onto the electrode, as already shown on other SA surfaces, where the function of the immobilized BR has been also confirmed.^[@ref23]^

Micro- and Nanoarrays of MPS {#sec2.4}
----------------------------

In [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, the sequential functionalization of electrodes with the PPy-biotin layer and SA is used to decorate two adjacent surfaces with two distinct MPs. In addition to BR trapped in a mixture of BAPol and FAPol~A647~, we used the transmembrane domain of the outer membrane protein A (tOmpA), an eight-strand β-barrel MP from *E. coli* already characterized in APols.^[@ref36]^ For our study tOmpA was trapped in a mixture of BAPol and APol fluorescently labeled with a 7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD) dye (FAPol~NBD~). First, SA was immobilized on a PPy-biotin layer electrogenerated on electrode 2. Then the chip was incubated in a solution of tOmpA, resulting in functionalization with the MP of electrode 2 only ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A). After rinsing with PPB, a PPy-biotin film was prepared on electrode 3, and the chip was exposed first to SA and then to a BR/BAPol/FAPol~A647~ solution. As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B, the procedure resulted in decoration of only electrode 3 with minimal contamination of the electrode that had not been functionalized (electrode 1) or where MPs had already been immobilized and the biotin-binding sites blocked. These results further demonstrate that the BAPol-trapped MPs remain attached after incubation with the monomeric solution of pyrrole and are not detached by the application of the electric field needed for the activation of the adjacent electrode. Therefore, our procedure should be easily scalable to any number of different MPs and/or other biotin-labeled compounds by following a step-by-step incubation of the chip with (i) a pyrrole--biotin solution, with application of a potential only to the electrode(s) to be functionalized; (ii) SA; and (iii) the molecule of interest.

![Sequential and addressable functionalization of micro- and nanometer surfaces with MPs. (A) Electrode 2 was functionalized with a PPy-biotin film, and the chip incubated for 30 min with 1 μM SA and for 30 min with 1 μM tOmpA trapped in BAPol/FAPol~NBD~, washed with PPB-T20, and imaged. (B) Electrode 3 was functionalized with a PPy-biotin film. Then the chip was incubated for 30 min with 1 μM SA and for 30 min with 2 μM BR trapped in BAPol/FAPol~A647~, washed with PPB-T20, and imaged. Electrode 1 was not functionalized. (C) Two electrodes with 50 nm wide extensions were selectively functionalized with tOmpA trapped in BAPol/FAPol~NBD~ (electrode 2) and BR trapped in BAPols/FAPol~A647~ (electrode 3). (D) Zoom of the nanosurfaces of (C); the line profiles show the fluorescence intensity measured across the nanometer-wide surfaces of both electrodes 2 and 3. Scale bar is 5 μm.](nn-2013-06252h_0006){#fig5}

Due to the highly localized nature of the electric fields, this procedure can be implemented on submicrometer electrodes. This is shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}C, where two electrodes with features as small as ∼50 nm were functionalized with BR and tOmpA. To demonstrate the scalability of our approach to the nanometer regime, we also selectively decorated 200 nm wide, 300 nm distant gold nanoelectrodes with tOmpA trapped in BAPol/FAPol~NBD~ ([Supporting Figure 5](#notes-1){ref-type="notes"}). Due to the resolution limit of the fluorescence microscope, the fine structure of the nanosurfaces cannot be resolved, but the images show a strong fluorescence signal only on the electrodes and not on the SiO~2~ insulating surfaces. Thus, we conclude that it is possible to biofunctionalize submicrometer surfaces, the only limit of this technique being the availability of an electrically contacted surface. The use of electrochemical polymerization to functionalize surfaces with MPs provides also an important advantage over lithography-based techniques that require challenging alignment procedures. As an example, nanowire and carbon nanotube arrays can be fabricated with diameters and pitches as small as 10 nm;^[@ref37]^ selective functionalization of these nanostructures cannot be accomplished by stamping techniques,^[@ref38]^ but it could be easily achieved by the electrochemical approach described here.

Protein arrays are optimal candidates for comparing the affinity of an analyte for different ligands. To test this application, we built a protein array containing three different biotin-binding proteins (avidin, SA, and neutravidin) and performed binding assays with BR trapped in different APol mixtures. The first array was incubated with BR trapped in a 1:1 mixture of BAPol and FAPol~A647~. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}A shows a fluorescence image of the array after incubation. The electrode where avidin had been immobilized shows a fluorescence intensity that is almost double that recorded on the electrodes functionalized with SA and neutravidin. Compared with the latter surfaces, the avidin-electrode seems to have a higher affinity toward BR. However, the fluorescence image of a second protein array immersed in a solution of BR trapped in a 1:1 mixture of unfunctionalized APol and FAPol~A647~ also showed a signal on the avidin-decorated surface, whereas no fluorescence signal was detected on the electrodes bearing SA and neutravidin ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}B). These experiments indicate a higher nonspecific binding of the APol-trapped BR to the avidin surface than to the SA and neutravidin surfaces, which can be likely attributed to electrostatic interactions taking place in the PPB solution. BR trapped in APols carries a high negative charge due to the many carboxylic side chains of the polymeric belt, all of which are ionized at pH 7.2.^[@ref22],[@ref39]^ As a result, it adsorbs nonspecifically onto the positively charged avidin substrate (isoelectric point of ∼10.5). In contrast, SA- and neutravidin-modified surfaces have a slightly negative charge at pH 7.2 (isoelectric points 6.1 and 6.3, respectively^[@ref40]^) and exhibit much less nonspecific binding of BR/APol complexes than avidin. This experiment shows that the net charge carried by the electrode surface plays an important role in the binding of APol-trapped MPs, and it indicates the surface of choice for APol-mediated MP immobilization. It also demonstrates the multiplexing potential of the developed protein array for diagnostics and drug screening applications, where the interaction between an analyte and several binding partners can be screened simultaneously.

![Effect of surface charge on MP binding. Three gold electrodes were functionalized with neutravidin (electrode 1), SA (electrode 2), and avidin (electrode 3), and the chip was incubated with (A) BR trapped in BAPol/FAPol~A647~ and (B) BR trapped in APol/FAPol~A647~ (no biotin tag) in PPB (no NaCl). Scale bar is 5 μm.](nn-2013-06252h_0007){#fig6}

Conclusions {#sec3}
===========

We describe here an electrochemical method to selectively and spatially functionalize gold micro- and nanoelectrodes with proteins using biotin-doped PPy films. The conditions used to electrodeposit the biotinylated surfaces are compatible with the stability and functionality of the avidin conjugates. The protein density on the surfaces can be easily controlled by varying a few electrochemical parameters, and different proteins can be immobilized onto separate electrodes by a step-by-step functionalization. Further, the studies presented here demonstrate the use of APols for constructing arrays of MPs, a class of biomolecules that require special handling techniques because of their hydrophobic nature. APols keep MPs soluble and can be used to endow them with one or more tags, allowing their incorporation into micro- and nanometer arrays and their visualization by fluorescence microscopy. On the basis of previous experience,^[@ref20],[@ref41]^ trapping with APols can be expected to increase the shelf life of MPs and the storage temperature of chips as compared to detergent solutions. We also show that our platform can be used to detect the interaction of antibodies with immobilized MPs and to analyze the binding of ligands in a multiplexed assay.

The work presented here is a first step for fabricating functional arrays of MPs, providing that the method to isolate and stabilize the MP in solution allows keeping it functional. This is important for several reasons: (i) the method allows the selective immobilization of biomolecules on different surfaces on the same chip without the need of microfluidics; (ii) the addressable nature of electropolymerization avoids the alignment and registry limitations of other techniques such as dip-pen lithography; this method could be extended to functionalizing arrays of electrically contacted nanostructures (*i*.*e*., Bio-FET, nanowire arrays, *etc*.); (iii) the platform is suitable for the immobilization of other biotinylated proteins and (iv) has potential for high-throughput, parallel screening of multiple protein/ligand interactions for studies of MP functionality, proteomic analysis, and development of new diagnostics and pharmaceutical screening assays.

Experimental Section {#sec4}
====================

Materials {#sec4.1}
---------

Streptavidin-Alexa Fluor 647, streptavidin-Alexa Fluor 555, neutravidin-Oregon Green, and avidin-Alexa Fluor 633 were purchased from Life-Technologies (Invitrogen), dissolved in deionized water (18.2 MΩ·cm at 25 °C) to a concentration of 1 g/L, and stored at −20 °C before use. Pyrrole, NaCl, biotin, Tween-20, and potassium phosphate monobasic and dibasic were obtained from Sigma Aldrich and used as received. BioBeads SM2 were obtained from Bio-Rad. Buffers were freshly prepared in deionized water.

Membrane Protein Preparation and Trapping in APols {#sec4.2}
--------------------------------------------------

BR was isolated from the purple membrane of *Halobacterium salinarium* and solubilized in 40 mM octylglucoside in 25 mM sodium phosphate buffer pH 7.0.^[@ref35]^ tOmpA was overexpressed as inclusion bodies in *E. coli*, folded, and purified in 20 mM C~8~E~4~ in 20 mM Tris-HCl buffer pH 8.0 as previously described.^[@ref36]^ APol A8-35, BAPol, FAPol~NBD~, and FAPol~A647~ were synthesized and characterized according to previously described procedures.^[@ref22],[@ref23],[@ref36]^ BAPol and A8-35 were mixed with FAPol in a 1:1 ratio according to the experiments and added at mass ratios of 1:5 protein to APols for BR and 1:4 protein to APols for tOmpA. The detergent was removed by incubating the MP/APols/detergent solutions overnight at 4 °C with BioBeads (mass ratio of 1:20 detergent to BioBeads) under constant stirring. After removing the BioBeads and centrifuging the sample for 20 min at 120000*g* at 4 °C to remove large aggregates, the sample was loaded onto a Superdex 200 10/300 GL column (GE Healthcare) and eluted with PPB. Fractions containing only MPs trapped in APols were stored. Protein concentrations were evaluated by measuring the sample absorbance at 280 nm and using extinction coefficients of 81 000 and 46 470 M^--1^·cm^--1^ for BR and tOmpA, respectively.^[@ref23],[@ref36]^

Purification and Labeling of Antibodies {#sec4.3}
---------------------------------------

Antibodies against BR and tOmpA were obtained from AgroBio; the proteins were injected into rabbits and the sera collected after 49 days.^[@ref23]^ Antibodies were purified from sera by affinity chromatography on a protein A high-performance spintrap column (GE Healthcare) and characterized by SDS-PAGE. Antibodies were fluorescently labeled with Alexa 488 dye *via* an amino coupling reaction. Briefly, the antibody solution was exchanged with a 0.1 M sodium bicarbonate buffer, pH 8.0, and then incubated with Alexa Fluor 488 succinimidyl ester (Life-Technologies) at a molar ratio of 10:1 dye to antibody for 1 h at room temperature (rt). Afterward, the free dye was removed using Micro Bio-Spin 30 columns (Bio-Rad) and the labeled antibodies were characterized by UV visible and fluorescence spectroscopy.

Array Design and Instrumentation {#sec4.4}
--------------------------------

The metal electrodes were defined using standard electron beam lithography on p-doped Si(100) substrates covered with a 500 nm thick insulating thermal SiO~2~. Electron beam evaporation was used to evaporate a 100 nm thick Au layer on top of a 10 nm thick Ti adhesion layer. The array, composed of 24 electrodes 5 μm wide, was mounted on a chip carrier and cleaned with 2-propanol, ethanol, and deionized water before being fitted to a home-designed electrochemical cell. The assembly was tightly sealed with a nitrile NBR-70 O-ring (M Seals A/S) by applying a pressure between two plates using four screws and plugged into a multiplexing control unit. A three-electrode configuration was used for all the electrochemical experiments; a platinum wire mesh and a platinum wire were used as counter and reference electrodes, respectively. The distance between these two electrodes and the working electrode on the chip was kept as small as possible (\<2 mm). The counter and reference electrodes were directly connected to a CH Instrument (CHI630B) electrochemical analyzer, whereas the multiplexing unit interfaced the potentiostat and the chip, allowing the multiple electrical control of the micro- and nanoelectrodes. The electrodes were imaged in PPB using a Leica DM5500 B upright optical microscope with epifluorescence optics. All fluorescence microscopy images presented here are false-color images acquired with the excitation and emission filter settings being Ex470/40 Em525/50 for the Alexa Fluor 488 and Oregon Green dye, Ex531/40 Em593/40 for the NBD and the Alexa Fluor 555 dye, and Ex620/60 Em700/75 for the Alexa 633 and Alexa 647 dye. Data were analyzed using ImageJ software. The fluorescence intensity was determined by measuring the average intensity over the electrode and subtracting the value of the background image. The figures are presented as follows: the top illustrations are schematic representations of the functionalized electrode and indicate the position of the electrodes; the central images are fluorescence microscopy images; and the bottom images are line profiles representing the average fluorescence intensity measured across the entire image.

Surface Functionalization {#sec4.5}
-------------------------

The PPy-biotin film was formed on selected electrodes by oxidative electropolymerization of a pyrrole (0.1 M), biotin (1 mM), and NaCl (10 mM) solution at 0.65 V *vs* Pt in deionized water (18.2 MΩ·cm at 25 °C) under an N~2~-saturated atmosphere. A low concentration of NaCl was used to facilitate the incorporation of biotin in the PPy film. The functionalized gold electrodes show a dark, homogeneous surface with a weak fluorescence at ∼600 nm ([Supporting Figure 1](#notes-1){ref-type="notes"}). After modification of selected electrodes with the PPy-biotin film, all the electrodes of a chip were rinsed several times with PPB to remove monomers and oligomers from the surface of the array and then incubated for 30 min at rt with 1 μM biotin-binding proteins conjugated to a fluorescent dye. The electrodes were then washed thoroughly with PPB-T20 in order to remove nonspecifically adsorbed proteins and imaged. The detergent concentration was kept below its cmc in order to limit interactions with the immobilized proteins. The first control experiment was performed by electrogenerating a PPy film doped only with NaCl and incubating the chip with 1 μM SA-647 for 30 min. In the second control experiment an electrode was functionalized with a PPy-biotin film, and a solution of 1 μM SA-647 previously incubated with 1 mM biotin for 60 min at rt was applied to the chip for 30 min. In both control experiments, the chip was rinsed with PPB-T20 and imaged. MP immobilization was performed by incubating the chip with a 1 μM solution of the desired protein for 30 min at rt. The chip was washed thoroughly with PPB-T20 to remove any excess protein and imaged in PPB. For the antibody-binding experiments, the surface was first functionalized with the MPs as described above, and then the chip was exposed to 5 nm of fluorescently labeled anti-BR for 30 min. The chip was incubated and washed intensively with PPB-T20 for 10 min in order to remove nonspecifically adsorbed molecules.

Supporting figures are available free of charge *via* the Internet at <http://pubs.acs.org>.
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